The system characteristics and effects of a novel active mass damper are investigated by means of its application for control of wind-induced bridge vibrations. Due to the presence of self-excited forces, stability issues are considered and a stability measure proposed. By virtue of the generation mechanism of the control forces, a superior low power demand of the actuators is achieved in comparison to other proposed mass dampers. The performance of the new damper is studied using a numerical example.
Introduction
Active mass dampers for the control of structural vibrations described in the literature are based on the concept of accelerating and decelerating auxiliary masses. For example, the generation of a twisting moment by variable eccentric weight and by changing the rotational speed of a mass is proposed [1] . Another possibility is to adapt active gyroscopic anti-roll devices used in ships (e.g. [2] ) for use in structures. Although numerical simulations [3] as well as experimental investigations [4] have proven the performance of active mass dampers, they are rarely implemented in civil engineering structures. A decisive drawback of the proposed devices is their requirement for large actuators with high power demands. In [5] , a novel active mass damper with an alternative force-generating mechanism is presented. Its basic unit -a rotor -consists of an actuator-driven rotating rod with a mass attached to its free end. The rotor performs complete revolutions. In a preferred damper configuration, the rotor is intended to operate at constant velocities. The generated centrifugal forces are used for the control of the structural vibrations. Accelerations are only necessary to control the relative motion between the damper and the structure. In this way, the power demand is considerably smaller in comparison to other proposed active mass dampers.
Damper concept and equations of motion
The novel active mass damper is a very adaptable system. For structural control, it is possible to generate moments only, forces in predefined directions and combinations of moments and forces. Various moment and force time histories can be generated by combining damper units with appropriate damper parameters and specific rotor velocities. However, harmonic or nearly harmonic time histories are easily generated by operating at constant rotor velocities. Practical control forces and associated damper parameters are described in detail in [5] . In this study, the application of the new damper concept for the control of bridge deck vibrations due to wind is investigated. For this purpose, two pairs of rotor units are arranged in a bridge section which can be located inside of a box girder as depicted in Figure 1 . The rotors of both rotor pairs rotate in opposite directions. A generalized two-dimensional system with the two bridge degrees of freedom h for heaving and α for rotation is investigated (Fig. 2) . As a prerequisite for the utilization of this system, no horizontal forces must be generated by the active device. The equations of dynamic motion per unit span are given by
where m is the mass; I the mass moment of inertia; c h and c α the structural damping coefficients; and k h and k α the structural stiffnesses. The dot indicates differentiation with respect to time t. The self-excited aeroelastic forces L se and M se due to the oncoming flow with mean wind velocity v are modelled using rational function approximation (e.g. [6] ). In extension to the system studied in [5] , buffeting forces L b and M b due to longitudinal wind fluctuations are included using a version [10] of the quasi-steady formulation [7] . The generated control forces are combined to a resultant force F R acting at midspan in the global downward direction and a resultant moment M R positive clockwise. These control forces depend on the rotor motion and are given by [5] ( ) 
with the total control mass m R assumed to be lumped and equally distributed to the rotors; r l and r r are the constant rotor lengths of the left and right rotor pair; a and c are the lengths as indicated in Figure 2 . The abbreviations p 1 -p 4 are expanded below:
where V R = r r / r l . The angle of the left rotor ϕ 1 refers to the global coordinate system. The other rotor angles are constrained to ϕ 1 by
where the rotors are numbered 1-4 from left to right in Figure 2 and θ is a constant angle defining a phase shift between the rotor pairs. In this way, only one degree of freedom, namely ϕ 1 , is additionally introduced to those of the bridge. The interrelation between this angle and ϕ R1 -the angle covered by the rotor during time t and in the following referred to as the local rotor angle -is
with the angles of the rotor ϕ 01 in the global coordinate system and the bridge deck α 0 , both at time t 0 = 0. In the following, this point in time is chosen to coincide with a maximum in the rotational degree of freedom of the bridge deck, i.e. α 0 = α max . The expressions (Eq. 5) are similar for rotors 2-4. The constraints in Equation 4 ensure that no horizontal forces are induced by the damping device.
Fig. 1: Proposed Damper Configuration
The magnitude of the induced damping forces F R and M R can be controlled by specifying the phase angle θ and the rotor lengths r l and r r . These parameters also influence the direction of the generated forces, whereas ϕ 01 determines the relative phase between the bridge motion and the generated forces. Thus, ϕ 01 influences the degree of damping or excitation of the bridge motion. Parameters to set to specifically generate forces only, moments only or certain combinations of forces and moments are given in [5] .
Particular damper layout for low power demand
Considering different damper configurations with the same maximum damper dimensions 2a + c, r l and r r and with identical damper masses m R , numerical studies indicate that the configuration in which moments only are generated is the most effective for the control of wind-induced bridge deck vibrations. This is especially true for wind velocities near the onset of flutter where the effects of the self-excited aeroelastic forces prevail. Since the equations of motion are coupled through the self-excited forces, the uncontrolled vertical degree of freedom is only indirectly damped. Energy is transferred from the vertical degree of freedom to the rotational degree of freedom and dissipated by means of the generated damper moment M R . In the following, the active device is exclusively used to generate damping moments. For this purpose, the lengths of all rotors need to be identical, i.e. V R = 1 and the rotor pairs are in opposite phase, i.e. θ = 180°. Equation 2 with 3 becomes
The terms in Equation 6 which do not depend on the rotor degree of freedom merely enlarge the inertia terms of Equation 1. In the pure flutter state, i.e. L b = M b = 0 and without forces generated by the rotor motion, the vibrations of the bridge deck exhibit harmonic motions of frequency ω with constant amplitudes in both degrees of freedom h and α. These characteristics remain if harmonic control forces with frequency ω are included. 
Since the local angular velocities of rotor 1 and 3 are always identical, they can be coupled mechanically by a gear. The same applies for rotor 2 and 4. Because θ = 180°, the coupled rotors are in indifferent equilibrium and no energy is needed for lifting the damper masses. compensate for losses (e.g. friction). Therefore, the local rotor velocity should be as steady as possible to achieve a low energy demand of the actuators. However, as indicated above, α & is harmonic, and from Equation 7 , it follows that not all local rotor velocities can be kept constant. Hence, the rotor velocities with reference to the global coordinate system are chosen to be constant and the local rotor velocities compensate for the bridge deck rotation. The corresponding local rotor velocities are obtained by the first derivative of Equation 5.
Since the rotors have to complete one revolution in a vibration period of the bridge deck, then
for small rotations α and typical significant bridge vibration periods. Consequently, 1 R ϕ & does not vary much and little power is needed to compensate for the bridge rotation. Because 1 ϕ & & = 0, nearly harmonic damping moments are generated (Eq. 6).
Additionally, the angular position of the rotors relative to the bridge rotation α has to be adapted during the control process. For this purpose, energy has to be inputted into the system. Nevertheless, the energy amount is considerably smaller compared to other active mass dampers, since the latter devices generate their control forces by accelerating damper masses.
Relative phase angle
As indicated in Section 2, the relative phase angle between the generated moment M R and the bridge deck rotation α determines the effectiveness of the device. Inappropriate angles can even lead to an excitation of the bridge structure by the active damper. The relative phase angle between the bridge rotational degree of freedom α and the rotor motion is the angle ϕ 01 and corresponds to the angle ϕ 01 of Equation 5 . The transfer of energy for the vibrating bridge system is considered to determine optimal values of ϕ 01 . The wind flow is the external source of energy and a certain amount of energy is fed into the system. This energy is converted into kinetic and potential energy of the bridge deck and partly dissipated by viscous damping and the active damping device. To calculate the energy which is dissipated by the rotor damper during a vibration period, first the power P of the generated moment M R is determined Since the generated control moment M R stands on the right-hand side of the equation of motions (Eq. 1), the maximum energy is dissipated when ϕ 01 = 90°. This means that for this optimal value, the moment M R acts in the opposite direction of the rotational velocity α & . These considerations are only valid if the excitation forces are independent of the parameters of the vibrating system. However, in the bridge system considered here, there are self-excited aeroelastic forces L se and M se (Eq. 1). Their magnitude and phase depend on the system parameters and the motion of the bridge deck. The addition of the damper forces influences the dynamic equilibrium of the system. At this state of equilibrium, particular motion amplitudes and phases are associated and hence the self-excited forces are changed in comparison to the uncontrolled system. Similarly, a variation of the relative phase of the damper force ϕ 01 results in self-excited aeroelastic forces with different phases and magnitudes leading to different critical wind speeds of the considered system. A single optimal value for ϕ 01 which results in the maximum critical wind speed cannot be determined because the correlation between this angle and the self-excited aeroelastic forces is too complex. Nevertheless, if buffeting forces are omitted and the system is investigated in the flutter state, the range of optimal values for ϕ 01 can be narrowed down. Taking into account no or comparatively small viscous damping forces, energy is dissipated by the active device for angles ϕ 01 varying between 0 and 180° (Eq. 13). Therefore, the optimal value for ϕ 01 which leads to the maximum critical wind speed can be found within this range. Outside the range, energy is fed into the vibrating system which has a destabilizing effect. Furthermore, the influence of the relative phase angle ϕ 01 on the critical wind speed is investigated numerically for an example bridge in pure flutter. For that purpose, the critical viscous damping ratios, the damper mass m R , the rotor length r l and the bridge rotation amplitude α 0 are considered as parameters. It is found that for lightly damped structures, i.e. for small viscous damping ratios and small damper mass ratios m R /m, the optimal values ϕ 01 are smaller than 90° and for relevant ranges of rotation amplitudes, they are between 70° and 90°. Particulars are given in [8] .
The numerical study also reveals that for certain sets of parameters, ϕ 01 = 0° leads to the maximum critical wind speed. However, in these cases the damper mass ratios are too large (m R /m > 10 %) for practical damper applications and more importantly no energy will be dissipated by the active device when this phase angle is employed. This is problematic if other sources of excitation forces are present because the resulting vibrations will not be damped by the active damper. Moreover, a small deviation from the phase angle ϕ 01 = 0° could lead to an adverse energy input into the vibrating bridge system and thus worsen the structural response. Although the buffeting forces depend on the angle of attack of the wind flow, they are not induced by the bridge motion. The buffeting response is most effectively controlled for the largest possible damping. Consequently ϕ 01 = 90° should be employed to maximize the energy dissipation by the active damper (Eq. 13).
The considered bridge model (Eq. 1) incorporates self-excited aeroelastic as well as buffeting forces. Based on the above observations, it seems most reasonable to choose a constant relative phase angle ϕ 01 = 90° for the damping device in the following.
Equivalent viscous damping
To assess the efficiency of the new active damper, the rotor generated damping is compared with viscous damping. For that purpose, a single degree of freedom system in rotation excited by a harmonic moment with frequency ω is analyzed. The energy dissipated by viscous damping can be derived in a manner similar to that described in the previous section. The dissipated energy per vibration cycle is
with the viscous damping ratio ζ α ; the natural circular frequency of vibration ω α ; the mass moment of inertia I and the amplitude of the resulting rotation α 0 . The single degree of freedom system can be used to represent the studied bridge model where only damping moments are generated. By equating the viscously dissipated energy (Eq. 14) and the energy dissipated by the rotor damper with ϕ 01 = 90° (Eq. 13), the equivalent viscous damping ratio can be evaluated For the considered bridge system (Eq. 1), the ratio ω/ω α depends on the wind velocity and is slightly smaller than unity. The rotor mass m R , the rotor length r l and the half-distance between the rotor pairs a increase linearly the equivalent viscous damping ratio, whereas this damping ratio is inversely proportional to the amplitude of rotational motion α 0 . Therefore, the equivalent viscous damping ratio decreases for larger amplitudes of rotation and hence the critical wind speed also declines when larger rotation amplitudes are present because the critical wind speed is lower for less damping.
Stability measure
The stability of a bridge system in the presence of self-excited forces without active control can be evaluated without taking the buffeting forces L b and M b (Eq. 1) into account, either in frequency domain or time domain. The system is considered stable for decaying amplitudes and unstable for growing amplitudes. However, as stated in the previous section, the critical wind speed of the actively damped system depends on the size of the motion amplitudes. Since the time-varying buffeting forces influence the occurring motion amplitudes, they have to be included in the stability considerations of the actively controlled system.
It is proposed to take the difference between the energy which is fed into the vibrating system and the energy which is extracted from the system as a measure for stability. The system is considered unstable if the energy difference becomes infinite after an infinite period of time. Since an evaluation along this time scale is not possible, the energy difference should be reasonably bounded within the observed time interval instead. The aerodynamic forces are the sources for the energy input. Starting with a system at rest, the buffeting forces excite the structure to vibration, thus energy is inputted into the system. Depending on the characteristics of the time history of the buffeting forces, further energy is inputted, or the action of the buffeting forces is such that energy is dissipated from the structure. However, the time history of the buffeting energy cannot become negative since this would imply that the energy time history is zero at some point in time. The associated system state corresponds to the initial state at rest. Continuing with this system state, the buffeting forces excite the structure again resulting in an energy input. Therefore, the contribution of buffeting to the stability measure is equal or greater than zero at all times t > 0, implying that the buffeting forces do not have a stabilizing effect. The buffeting forces are not assumed to influence the self-excited aeroelastic forces. The selfexcited aeroelastic forces increase the energy difference if the wind velocity is higher than the critical wind speed of the undamped system. However, the viscous damping and the active damper dissipate energy leading to a decrease of the stability measure. This indicates, as expected, a stabilization of the system by the damping forces. The advantage of the proposed stability measure over an evaluation of observed motion amplitudes is that several degrees of freedom can be considered simultaneously with a single measure. Since the time history of the energy difference is non-periodic in the presence of buffeting forces, the measure can be evaluated after prescribed constant time periods independent of the momentary vibration period. The measure can assist in the evaluation and comparison of the behaviour of different system configurations or systems. Furthermore, it can be instructive to assess the energy contributions of the corresponding individual forces separately. Since it is not intended to adapt the magnitude of the control forces, a bang-bang control algorithm is applied. The control is activated when α exceeds 0.01 rad (0.57°) and deactivated when the rotation amplitude α 0 falls below 0.005 rad. For the adaptation of the relative phase angle ϕ 01 , the maximum magnitude of the angular acceleration of the rotors is limited to 2 rad/s 2 . Further details concerning the applied control algorithm are omitted here due to limited space and are presented in [8] .
Control of example bridge
The longitudinal wind fluctuations are generated using an algorithm presented in [11] . The power spectrum of the wind fluctuations is described by a von Karman spectrum [7] with an integral length scale of 80 m and a turbulence intensity of 5 %. For different mean wind velocities, a single time series with a duration of 500 s is generated. Since for each mean wind velocity the same white noise process is used for the generation of the time series, the resulting wind fluctuation time histories have similar characteristics. The generated time series for a mean wind velocity of v = 39.7 m/s is shown in Figure 3a where the mean wind velocity is added.
For this mean wind velocity, the controlled and uncontrolled bridge responses represented by the time histories of the rotational degree of freedom α are depicted in Figure 3b . In Figure 4 , the standard deviations of α for the generated time series with different mean wind velocities are presented. In comparison to the uncontrolled system, active damping improves the values by 20 to 60 %. The critical wind speed is 38.5 m/s for the uncontrolled system, 39.7 m/s for the controlled system when r l = 1.0 m and 40.4 m/s for the controlled system when r l = 1.5 m. For a mean wind velocity of 30 m/s and r l = 1.0 m and r l = 1.5 m, the average of the equivalent damping ratios (Eq. 15) is about 3 % and 5 %, respectively, and for a mean wind velocity of 39.7 m/s the average is about 0.5 % and 1 %, respectively. In [5] , the mechanical power of the actuators of the new rotor damper is compared to those of another damper which uses the acceleration of a mass to generate control moments. For an example bridge where only flutter is considered, the maximum actuator power of the rotor damper is less than 10 % of the value of the other damper during initiation of the control process and less than 0.5 % of the maximum actuator power of the comparison system thereafter. Furthermore, it is shown that the total mechanical actuator energy of the new rotor damper becomes negative after a period of time. Hence the new system converts energy of the air flow into mechanical energy, i.e. energy is generated by the actuators. Equivalent observations can be made in this study where buffeting forces are included.
Conclusions
The capability of a novel active mass damper to control wind induced bridge vibrations was studied. For this purpose, preferred damper configurations were identified. The performance of the new damper was examined using numerical simulations of an example bridge. Even with a damper mass of only 0.5 % of the generalized bridge deck mass and relatively compact damper dimensions, wind induced vibrations of the example bridge were substantially attenuated. Additionally, the critical wind speed of the bridge was increased. The damper possesses an extremely small power demand and generates energy after a period of operation. The influence of the forces involved in the vibration process on the system stability was discussed. A stability measure was proposed which permits the comparison of different system configurations or different bridge systems. This measure could also be useful for stability considerations of other vibrating systems.
Because of the adaptability of the force generation, other applications of the new damper are conceivable, e.g. for the control of vertical bridge deck vibrations induced by moving traffic or for the control of pedestrian-induced lateral vibrations of footbridges. A patent application has been filed for the new damper.
